Background Carpal tunnel syndrome is a common compressive neuropathy of the median nerve. The efficacy and safety of endoscopic versus open carpal tunnel release remain controversial. Questions/purposes The purpose of this study was to determine whether endoscopic compared with open carpal tunnel release provides better symptom relief, validated outcome scores, short-and long-term strength, and/or digital sensibility; entails a differential risk of complications such as nerve injury, scar tenderness, pillar pain, and reoperation; allows an earlier return to work; and takes less operative time. Methods The English-language literature was searched using MEDLINE, the Cumulative Index to Nursing and Allied Health Literature, and the Cochrane Central Register of Controlled Trials. Randomized controlled trials that compared endoscopic and open carpal tunnel release were included in the meta-analysis. Methodologic quality was assessed with the Consolidated Standards Of Reporting Trials (CONSORT) checklist, and a sensitivity analysis was performed. Symptom relief, Boston Carpal Tunnel Questionnaire (BCTQ) scores, strength, digital sensibility, complications, reoperation, interval to return to work, and operative time were analyzed. Twenty-one randomized controlled trials containing 1859 hands were included. Results Endoscopically treated patients showed similar symptom relief and BCTQ scores; better early recovery of grip strength (mean difference [MD], 3.03 kg [0.08-5.98]; p = 0.04) and pinch strength (MD, 0.77 kg [0.33-1.22]; p \ 0.001) but no advantage after 6 months; lower risk of scar tenderness (risk ratio [RR], 0.53 [0.35-0.82]; p = 0.005); higher risk of nerve injury (RR, 2.84 [1.08-7.46]; p = 0.03), most of which were transient neurapraxias. Similar risk of pillar pain and reoperation; an earlier return to work (MD, À8.73 days [À12.82 to À4.65]; p \ 0.001); and reduced operative time (MD, À4.81 minutes [À9.23 to À0.39]; p = 0.03). Conclusions High-level evidence from randomized controlled trials indicates that endoscopic release allows earlier return to work and improved strength during the early postoperative period. Results at 6 months or later are similar according to current data except that patients undergoing endoscopic release are at greater risk of nerve injury and lower risk of scar tenderness compared with open release. While endoscopic release may appeal to patients who require an early return to work and activities, surgeons should be cognizant of its elevated incidence of transient nerve injury amid its similar overall efficacy to open carpal tunnel release. Additional research is required to define the learning curve of endoscopic release and clarify the influence of surgeon volume on its safety.
Introduction
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tingling. Initial management of carpal tunnel syndrome involves nonoperative measures such as rest, splinting, NSAIDs, physiotherapy, and corticosteroid injection. Surgical release of the transverse carpal ligament, first described by Learmonth in 1933 [22] , is indicated in recalcitrant cases. More than 350,000 surgical operations are performed for carpal tunnel syndrome every year in the United States [31] .
Although the standard technique of open carpal tunnel release has proven effective and safe [19, 33] , endoscopic carpal tunnel release was introduced in the form of single- [1] and double-portal [6] techniques with the aim of reducing morbidity and expediting recovery from surgery. Endoscopic carpal tunnel release has yet to be as widely adopted as open release [3] but offers the theoretical advantages of reduced postoperative pain, faster recovery of grip strength, earlier return to work and activities of daily living, and fewer wound-related complications associated with open release such as scar tenderness and pillar pain in the thenar and hypothenar eminences [9, 19, 24, 26, 32, 37, 39] . These putative benefits are achieved, in part, by avoiding the traditional midpalmar incision used in the open approach. However, pragmatic concerns relating to endoscopic release include its relative technical difficulty [5, 8, 14] , cost-effectiveness [7] , time requirement [44] , and potential risk of iatrogenic injury to neurovascular structures [13, 18, 30] . A large sample size, as is achievable through a meta-analysis, may be necessary to detect such complications and differences in other outcome measures [4] . Although endoscopic carpal tunnel release has been practiced for more than two decades, controversy persists regarding its safety and overall patient outcomes relative to open release. Previous metaanalyses [40, 43] have been conducted to compare these procedures but have had important methodologic weaknesses in their inclusion criteria, outcome parameters, and validity assessment. Thoma et al. [40] neither evaluated long-term strength after 12 weeks nor validated outcome assessments. Although Vasiliadis et al. [43] analyzed major and minor complications in aggregate, specific complications such as nerve injury, scar tenderness, and pillar pain were not analyzed. Our meta-analysis is the first, to our knowledge, to specifically examine pillar pain and ancillary endpoints like operative time and digital sensibility performance. Several randomized controlled trials (RCTs) also have been recently published [2, 11, 17, 20] .
The objective of our meta-analysis was to determine whether clinical outcomes differ among patients with carpal tunnel syndrome treated with an endoscopic versus open approach according to high-level evidence from RCTs, including symptom relief; validated outcome scores; short-and long-term strength; digital sensibility; complications potentially more likely to occur after one of the procedures such as nerve injury, scar tenderness, and pillar pain; interval to return to work; and operative time.
Materials and Methods

Eligibility Criteria
The meta-analysis was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [29] . The inclusion criteria were limited to RCTs that compared open and endoscopic carpal tunnel releases. Studies that evaluated revision surgery, did not report the followup interval, or reported only limited qualitative findings were excluded. Abstracts, laboratory or anatomic studies, review or technique articles, commentaries, and descriptive or nontherapeutic studies also were excluded. No restrictions were imposed on the publication date. Studies that analyzed the same cohort of patients were consolidated to prevent duplication of data, and data from the longer followup were preferentially used.
Literature Search
MEDLINE, the Cumulative Index to Nursing and Allied Health (CINAHL), and the Cochrane Central Register of Controlled Trials (CENTRAL) were queried by two independent reviewers (ETS, RJS) to identify relevant Englishlanguage studies, and disagreements were resolved by consensus. The search term was as follows: ''carpal tunnel'' AND (open OR endoscopic). The search was performed in April 2014. The resulting study titles and abstracts were reviewed according to the eligibility criteria. Full manuscripts were procured and reviewed for eligible studies, and their citations were manually screened to identify additional studies that might have been missed. A PRISMA trial flow shows the study selection algorithm ( Fig. 1 ).
Data Abstraction
Data from eligible studies were extracted for study and patient characteristics, symptom relief, outcome scores, strength, digital sensibility performance, complications, reoperation, interval to return to work, and operative time. If outcome data and/or measures of variance were reported only using graphic plots but were omitted from the body of the text, plot-digitizing software (Plot Digitizer Version 2.6.4; Joseph Huwaldt and Scott Steinhorst, http://www.plot-digitizer.com-about. com/) was used to quantify these data.
Data Items
Study and patient characteristics of interest included the sample size, followup interval, age, sex distribution, hand dominance, bilaterality, symptom duration, diagnostic use of electrophysiologic testing, and surgical technique. Symptom relief was assessed according to overall improvement and the presence of postoperative pain, numbness, paresthesia, subjective weakness, and night symptoms. Overall improvement was defined as complete or near complete subjective symptom relief. Pain was analyzed using VAS scores normalized to a 10-point scale. Clinical outcomes were assessed using the symptom severity and functional status components of the validated Boston Carpal Tunnel Questionnaire (BCTQ) [23] . The maximum grip and pinch strength were assessed. Pinch strength was an aggregate of two-point (tip) and key (lateral) pinch strength. Strength was further assessed using only long-term followup data at 6 months or greater. Digital sensibility was quantified using the Semmes-Weinstein monofilament test score, static two-point discrimination, and static two-point sensory threshold. The risk of nerve injury, scar tenderness, pillar pain, and reoperation after each procedure were evaluated. Nerve injury was further analyzed according to single-versus double-portal endoscopic technique and older (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) versus newer (2003-2013) studies. The interval to return to work was analyzed. Finally, the operative time of the two procedures was compared.
Data Synthesis and Statistical Analysis
Pooled analysis was performed to compare several clinical outcome measures between groups, depending on the availability of data. A random-effects model was selected to account for statistical heterogeneity across the included trials using Review Manager Version 5.2.11 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). If the SD for a given outcome was not reported in a study, it was computed from other provided statistics, including the 95% CI, standard error (SE), interquartile range, or p value. When the SD could not be determined, it was imputed using the mean of the values reported by the other studies [15] ; this strategy was used when the SD was available for at least three or 1 .
2 of all the studies for a given outcome. Continuous data were analyzed through the inverse-variance statistical method and computation of the standardized mean difference (SMD) or mean difference (MD) and 95% CI. Dichotomous data were analyzed through the Mantel-Haenszel statistical method and computation of the risk ratio (RR) and 95% CI. Pooled analysis was performed for a given outcome when data were reported by at least three studies. Multiple group comparisons were extracted and pooled from studies that compared endoscopic carpal tunnel release with standard and limited open techniques. When multiple studies reported an outcome using the same scale and unit of measurement, use of the MD method allowed aggregation of change from baseline and final data in the same analysis in accordance with the Cochrane Handbook for Systematic Reviews of Interventions [15] under the assumption that between-group differences in both measurements closely approximate each other in RCTs. Otherwise, change from baseline and final data were pooled in separate analyses using the SMD method, which allowed comparison of related data that were reported using disparate scales or units of measurement. Data from the latest followup were preferentially used. Effect sizes were presented in relation to the endoscopic carpal tunnel release group; for instance, a positive RR indicated a higher risk in the endoscopic release group. The z statistic and p value were used to determine the statistical significance of the pooled comparison. Forest plots were generated and presented for the following chief outcomes: overall improvement, BCTQ scores, grip and pinch strength at 6 months or greater, any complications significantly increased after either procedure, and interval to return to work. Computation of weighted means was performed to analyze demographic characteristics for each group. The methodologic quality of each included RCT was assessed using the 22-point Consolidated Standards Of Reporting Trials (CONSORT) checklist [36] . Studies were scored and classified as excellent (18) (19) (20) (21) (22) , good (13-17), fair (8) (9) (10) (11) (12) , or poor (B 7). A sensitivity analysis [21] was performed using only trials of excellent or good methodologic quality according to the CONSORT score to explore the possibility that consideration of lowerquality RCTs might unduly influence the findings of the main analyses. A funnel plot, which is a visual representation of statistical precision plotted against the treatment effect, was constructed to assess the potential influence of publication bias on the results.
Study Selection
The initial search of MEDLINE, CINAHL, and CENTRAL identified 363 English-language articles, whose titles and abstracts subsequently were screened to determine their eligibility. Citation lists of selected studies were manually cross-referenced to ensure that no additional studies were missed. Twenty-one RCTs [1-5, 10-12, 14, 16, 17, 20, 25, 27, 28, 34, 35, 38, 41, 42, 44] containing a total of 1859 hands met the inclusion criteria, which compared open (n = 913) with endoscopic carpal tunnel release (n = 946).
Study Characteristics
All included studies were RCTs published from 1992 to 2013 (Table 1) . Each trial was designed to compare open and endoscopic carpal tunnel releases. The size of the open and endoscopic release treatment groups in the trials ranged from 10 to 95 hands and 10 to 97 hands, respectively. The frequency-weighted followup for the included studies was 11 ± 14 months. The methodologic quality was excellent in two studies, good in five, and fair in 14, yielding a mean CONSORT score of 12.0 (range, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A funnel plot (Fig. 2 ) of the analysis of nerve injury appeared essentially symmetric in relation to the pooled estimate from the meta-analysis, indicating minimal publication bias.
Patient Characteristics
Patient demographic and clinical characteristics were similar between the treatment groups ( Table 2 ). The diagnosis of carpal tunnel syndrome was electrophysiologically confirmed with routine electromyography and/or nerve conduction studies in 19 of 21 studies [1-5, 11, 12, 14, 16, 17, 20, 25, 27, 28, 34, 38, 41, 42, 44] . Four studies included only patients with bilateral carpal tunnel syndrome [14, 17, 34, 44] . There were 16 and seven trial arms managed with standard [1-5, 10-12, 14, 16, 20, 25, 35, 38, 41, 42] and limited open carpal tunnel release [2, 17, 20, 27, 28, 34, 44] , respectively. There were 11 and nine trial arms managed with single- [1, 11, 14, 17, 20, 27, 28, 35, 38, 41, 42] and double-portal [3-5, 10, 12, 16, 25, 34, 44] endoscopic carpal tunnel release, respectively, whereas one trial did not clearly specify the endoscopic technique [2] . [1, 2, 11] . Both procedures similarly improved the VAS pain score (MD, À0.13 [À0.55 to 0.28]; n = 455; p = 0.53) [12, 20, 34, 35, 44] (Fig. 3B ).
Boston Carpal Tunnel Questionnaire (BCTQ)
Both groups showed similar improvement in the components of the BCTQ, including symptom severity (SMD, 0.04 [À0.11 to 0.18]; n = 715; p = 0.64) [3, 17, 25, 34, 35, 42] and functional status scores (SMD, À0.06 [À0.30 to 0.19]; n = 592; p = 0.65) [3, 17, 34, 35, 42] (Fig. 4) .
Strength
Patients treated with endoscopic carpal tunnel release showed greater grip strength (MD, 3.03 kg [0.08-6]; n = 1196; p = 0.04) [4, 5, 10-12, 14, 25, 27, 28, 34, 35, 38, 42] and pinch strength (MD, 0.77 kg [0.33-1]; n = 920; p = 0.001) [4, 5, 11, 12, 25, 27, 34, 38, 42] . However, when only long-term followup data at 6 months or greater were used, no differences remained between the techniques in grip strength (MD, 0.90 kg [À1 to 3]; n = 571; p = 0.46) [4, 10, 12, 14, 28, 34, 42] or pinch strength (MD, 0.37 kg [À0.09 to 0.84]; n = 614; p = 0.12) [4, 5, 12, 34, 42] (Fig. 5 ).
Digital Sensibility
Digital sensibility testing showed no differences between groups according to the Semmes-Weinstein monofilament test score (MD, À0.02 [À0.16 to 0.12]; n = 589; p = 0.76) [4, 5, 11, 42] , static two-point discrimination (MD, 0.04 mm [À0.35 to 0.43]; n = 579; p = 0.84) [4, 5, 11, 14, 16, 34, 41] , or static two-point sensory threshold (MD, 0.13 mm [À0.67 to 0.93]; n = 143; p = 0.75) [25, 34] at followup.
Complications
The risk of nerve injury was increased in endoscopically treated patients (RR, 2.84 [1] [2] [3] [4] [5] [6] [7] ; n = 1573; p = 0.03) [1, 4, 11, 12, 14, 16, 20, 25, 27, 28, 34, 35, 38, 41, 42, 44] ( Fig. 6A ), though the majority were temporary neurapraxias. The risk of nerve injury did not vary for one-versus two-portal endoscopic techniques (p = 0.79) or studies published before or after 2003 (p = 0.30). Scar tenderness was less common after endoscopic release (RR, 0.53 [0.35-0.82]; n = 581; p = 0.005) [3, 5, 12, 14, 28, 41] ( Fig. 6B ). Patients in both groups were similarly susceptible to pillar pain (RR, 0.93 [0.45-2]; n = 449; p = 0.85) [2, 12, 20, 27, 44] . There was no difference in the reoperation risk between the groups (RR, 1.77 [0.64-5]; n = 957; p = 0.27) [1, 3, 17, 25, 35, 38, 41, 42] .
Return to Work
Patients treated with endoscopic carpal tunnel release returned to work earlier than patients who had open release (MD, À9 days [À13 to À5]; n = 1234; p \ 0.001) [1, 2, 4, 5, 12, 16, 20, 28, 35, 41, 42] (Fig. 7 ).
Operative Time
The operative time was shorter for endoscopic compared with open release (MD, À5 minutes [À9 to À0.39]; n = 695; p = 0.03) [3, 14, 35, 38, 41, 42, 44] .
Sensitivity Analysis
The sensitivity analysis confirmed the statistical significance of the analyses of scar tenderness (p = 0.003) and interval to return to work (p \ 0.001), where both parameters favor endoscopic release. However, statistical significance was no longer present for nerve injury (p = 0.43) or operative time (p = 0.49). The findings of the remaining comparisons were confirmed.
Discussion
Surgical release of the transverse carpal ligament, which is indicated when conservative treatment fails, is a commonly performed orthopaedic procedure [31] . Although the standard technique of open carpal tunnel release is known to be effective and safe, endoscopic release was introduced more than two decades ago with the potential advantages of lower morbidity and quicker recovery from surgery. However, concerns regarding endoscopic release have included its relative technical difficulty, cost-effectiveness, time requirement, and potential risk of iatrogenic injury to neurovascular structures. Furthermore, several RCTs have been conducted to date without showing clear superiority of any procedure, and neither of these techniques is clearly favored at present. Thus, the purpose of our meta-analysis was to determine whether endoscopic compared with open release provides better symptom relief, validated outcome scores, short-and long-term strength, and/or digital sensibility; entails a differential risk of complications such as nerve injury, scar tenderness, pillar pain, and reoperation; allows an earlier return to work; and takes less operative time.
There are limitations to this meta-analysis. Some pooled analyses were based on data from a small number of studies, increasing the likelihood of bias. Studies varied in their outcome parameters, such as BCTQ scores, which were not used in the included RCTs until 2002. As there are virtually no validated instruments to assess patient satisfaction, this endpoint was omitted from the meta- Open versus Endoscopic Carpal Tunnel Release 1127 analysis even though it was reported in some of the studies. The use of data imputation to address unreported SDs or other measures of variance required that assumptions be made regarding missing data but allowed a larger number of primary studies to be pooled in the analyses, increasing their statistical power and lessening the influence of any single study on the findings. Type II error, or failure to reject a false null hypothesis, was possible for some analyses where there may have been a trend toward statistically significant differences between groups. Additionally, heterogeneity with respect to the choice of endoscopic (singleversus double-portal) and open (standard versus limited) techniques may underlie some of the variability witnessed in the outcomes. Strengths of this meta-analysis are the exclusive use of high-level evidence from RCTs, the large sample sizes of the pooled study groups, and the large number of analyses performed. Methodologic bias was minimized in this study owing to the exclusive use of data from RCTs whose methodologic quality was excellent or good in seven of 21 cases according to the CONSORT checklist. Furthermore, a sensitivity analysis was performed using only studies of excellent or good methodologic quality according to the CONSORT score to test whether the findings of the analyses might have been influenced by inclusion of low-quality trials. Publication bias also was minimal in this meta-analysis, as shown through funnel plot analysis.
The findings of this meta-analysis suggest that symptom relief and clinical outcomes, according to the validated BCTQ symptom severity and functional status indices, were no different for patients treated with endoscopic versus open release. Endoscopic release provides improved grip and pinch strength during the early postoperative period, an earlier return to work, and a lower risk of scar tenderness. Return-to-work data are difficult to interpret because patients often return to work when indicated by their surgeon, regardless of procedure type. However, superior improvement of the grip and pinch strength with endoscopic release during the early postoperative period compared with open release may explain why patients undergoing endoscopic release can return to work sooner. However, when only long-term followup data at 6 months or greater were considered, no differences in strength remained between the groups. Compared with previously published meta-analyses [40, 43] , ours is the first to establish that long-term grip and pinch strength are equal after both procedures. Despite the analyses that favored endoscopic release, patients undergoing this method have a statistically significant, threefold increased risk of nerve injury after the procedure. The higher risk of temporary nerve injury associated with endoscopic release was reported in a previous meta-analysis on this topic [40] . Despite the greater risk of nerve injury after endoscopic release, the reoperation rate was not increased in our metaanalysis, and the sensitivity analysis did not confirm a higher risk of nerve injury with the endoscopic technique. The reduction in scar tenderness after endoscopic release is plausible owing to the generally small incisions with the endoscopic technique. Interestingly, pillar pain was no different between the open and endoscopic groups, although reduction of pillar pain initially was posited as one of the advantages of the endoscopic technique. Finally, the 5-minute reduction in the overall operative time of the endoscopic procedure is likely clinically unimportant. The findings of our meta-analysis of RCTs suggest that endoscopic carpal tunnel release may have clinically important advantages with respect to earlier return to work, improved strength during the early postoperative period, and reduction of scar tenderness, although pillar pain is not reduced with the endoscopic technique. However, longterm followup data suggest similar results for final strength regardless of the technique. Endoscopic release also increases the risk of transient nerve injury. Although the methodologic quality of these RCTs proved variable, they represent the highest level of evidence available for making treatment recommendations. Questions remain regarding the influence of surgeon volume on the safety of the endoscopic procedure. The learning curve for this technique should be more clearly defined. While endoscopic release may appeal to patients who require an early return to work and activities, surgeons should be cognizant of its elevated incidence of reversible nerve injury despite its similar overall efficacy to open release.
